Although the primary protein sequence of ubiquitin (Ub) is extremely stable over evolutionary 22 time, it is highly tolerant to mutation during selection experiments performed in the laboratory. 23 We have proposed that this discrepancy results from the difference between fitness under 24 laboratory culture conditions and the selective pressures in changing environments over 25 evolutionary time scales. Building on our previous work (Mavor et al 2016), we used deep 26 mutational scanning to determine how twelve new chemicals (3-Amino-1,2,4-triazole, 5-27 fluorocytosine, Amphotericin B, CaCl 2 , Cerulenin, Cobalt Acetate, Menadione, Nickel Chloride, 28 p-fluorophenylalanine, Rapamycin, Tamoxifen, and Tunicamycin) reveal novel mutational 29 sensitivities of ubiquitin residues. We found sensitization of Lys63 in eight new conditions. In 30 total, our experiments have uncovered a sensitizing condition for every position in Ub except 31 Ser57 and Gln62. By determining the Ubiquitin fitness landscape under different chemical 32 constraints, our work helps to resolve the inconsistencies between deep mutational scanning 33 experiments and sequence conservation over evolutionary timescales.
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In contrast, 5-FC, Cerulenin, Menadione, and Tamoxifen led to more residues having fitness 101 greater than in DMSO (right shift in 
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Principal Component Analysis of Deep Mutational Scanning Data Across Chemical 145
Perturbations 146 147
To reveal whether common responses were driving the differences between treatments, we 148 performed principal component analysis on the difference fitness data (Figure 3) . We focused 149 on the first three principal components, which collectively explain 60 percent of the variance. PC3. This is the only mutation at position 11 that is predicted to stabilize the interface, likely due 177 to Lys11 participating in a salt-bridge with Glu65 of Ubc13. No single perturbation can replicate the diverse pressures that natively constrain protein 224 evolution. We can now rationalize many of the constraints that have led to the extreme 225 sequence conservation of Ub by examining the fitness landscape under a large variety of 226 conditions, including redox stress, osmotic stress, protein folding stress, DNA damage, ER 227 stress, and anti-fungals. Notable exceptions are residues Ser57 and Gln62, which are not 228 sensitive to mutation under any condition yet tested. 229
230
Of the newly revealed sensitivities, perhaps the most exciting is the sensitization of Lys63, 231 captured by PC3, in eight conditions. Lys63-linked poly-Ub participates in the response to DNA 232 damage, where Lys63-linked poly-Ub is catalyzed on PCNA to induce error-free postreplication 233 repair (Zhang et al., 2011) , and in endocytosis, where efficient endocytosis in cargo sorting to 234 the vacuole requires Lys63-linked poly-Ub chains (Erpapazoglou et al., 2014) . 235 236
In contrast, we previously observed an increase in mutational robustness at Lys63 in DTT 237 treatment, a reducing agent that interferes with ER protein folding. Interestingly, we also 238 observe increased robustness under Tunicamycin treatment, a compound that interferes with 239 ER protein folding via a distinct mechanism (Chawla et al., 2011) . This result suggests an 240 epistatic interaction between Lys63 signalling and the unfolded protein response, which may 241 complement the suggested role of Lys11 under high (30mM) DTT treatment (Xu et al., 2009 ). 242
The Lys11Arg mutant is specifically sensitized in Tunicamycin suggesting that the origin of this 243 effect may be structural, rather than due to a requirement for Lys11-linked poly-Ub. 244 245
In addition to the increased robustness at Lys63, Tunicamycin treatment leads to a unique 246 increase in mutational robustness at several other positions, including Lys6, Lys11, and Lys33. 247
These results address a major challenge in Ub biology: understanding the biological role of 248 distinct poly-Ub species. While the mutational tolerance pattern at Lys6 and Lys11 appear to be 249 due to disrupting a salt-bridge, the increased robustness at Lys33 suggests a connection 250 between Tunicamycin and Lys33 linked poly-Ub. We observed, further, but less conclusive, 251
Lysine-specific effects for Lys27, Lys29, and Lys33 under treatment with AmpB, Cobalt, or 252
Nickel. 253 254
Finally, these experiments continue to highlight the success of project-based courses. Over the 255 course of 6-8 weeks, first year graduate students in UCSF's CCB and iPQB programs 256 generated and analyzed these data using their own computational pipelines. We believe that the 257 Ub yeast library is an ideal system for such project-based courses due to the wide range of 258 stress responses mediated by the system and the vastness of chemical space. Interface ddG predictions were generated using the Rosetta macromolecular modeling suite, 291 which is freely available for academic use. The git version used was 12e38402d9. For each 292 amino acid position in the MMS/Ubc13 heterodimer, the interface ddG protocol was run as 293 follows: 1) Minimize (with constraints to the starting coordinates) the starting wildtype structure 294 (PDB ID: 2GMI). 2) Generate an ensemble of 50 conformational states using Rosetta's backrub 295 application (10,000 trials, temperature 1.2), using residues in an 8Å radius of the specified 296 amino acid position as backrub pivot residues. 3) Repack, or repack and mutate the side chains 297 of the specified amino acid and the pivot residues from step 2. 4) Minimize (with constraints) the 298 wild type and mutant structures generated in step 3. 5) For each structure i (of 50), we calculate 299 the ddG score as follows: 300
We then average all 50 scores to obtain the final predicted value. 301 302 303 304
